SUMMARY In this paper, we propose a transmit multi-block frequency-domain equalization (MB-FDE) for frequency-domain spacetime block coded joint transmit/receive diversity (FD-STBC-JTRD). Noting that a STBC codeword consists of multiple coded blocks, the transmit MB-FDE uses the multiple transmit FDE weight matrices, each associated with each coded block. Both single-carrier (SC) transmission and orthogonal frequency-division multiplexing (OFDM) transmission are considered. For SC transmission, the transmit MB-FDE weight matrices are jointly optimized so as to minimize the mean square error (MSE) between the transmit signal before STBC encoding and the received signal after STBC decoding. For OFDM transmission, they are jointly optimized so as to maximize the received signal-to-noise power ratio (SNR) after STBC decoding. We show by theoretical analysis that the proposed transmit MB-FDE can achieve 1/R S T BC times higher received SNR than the conventional transmit single-block FDE (SB-FDE), where R S T BC represents the code rate of STBC. It is confirmed by computer simulation that, when more than 2 receive antennas are used, MB-FDE can always achieve better BER performance than SB-FDE irrespective of the number of transmit antennas, and the channel frequency-selectivity.
Introduction
In the next generation mobile communication systems, broadband data services around 1 Gbps are demanded. However, bit error rate (BER) performance of broadband transmission is severely degraded due to frequencyselective fading [1] . Orthogonal frequency-division multiplexing (OFDM) [2] , [3] and single-carrier with frequencydomain equalization (SC-FDE) [4] - [6] are attractive broadband transmission schemes that can overcome the severe frequency-selectivity problem. Further performance improvement can be achieved by the use of spatial diversity. Space-time block coding (STBC) transmit diversity is an effective scheme to further improve the BER performance [7] - [13] . There are two types of STBC transmit diversity for broadband transmission: frequency-domain space-time transmit diversity (FD-STTD) [9] and frequency-domain space-time block coded joint transmit receive diversity (FD-STBC-JTRD) [10] , [11] . FD-STTD is a combination of STBC transmit diversity and receive FDE. It requires the channel estimation at the receiver and simple conjugate/block exchange operation at the transmitter. On the other hand, FD-STBC-JTRD is a combination of STBC transmit diversity and transmit FDE. It requires the channel estimation at the transmitter and simple conjugate/sum operation at the receiver. Therefore, by applying FD-STTD to the uplink (mobile terminal-to-base station) and FD-STBC-JTRD to the downlink (base station-to-mobile terminal), the computational complexity required for mobile terminal can be reduced. In this paper, orthogonal STBC (OS-TBC) code [13] is considered. When more than two receive antennas are used, although the code rate of STBC decreases, better BER performance can be obtained. On the other hand, quasi-orthogonal STBC (QOSTBC) [14] achieves higher code rate of STBC than OSTBC. However, it requires the maximum likelihood detection (MLD) and therefore, it may increases the complexity of the receive signal processing. Therefore, in this paper, we consider FD-STBC-JTRD using OSTBC as our previous study of FD-STBC-JTRD [10] , [11] .
In the previous study of FD-STBC-JTRD [10] , [11] , the single transmit FDE weight matrix is assumed over a STBC codeword. However, noting that a STBC codeword consists of multiple coded blocks, multiple transmit FDE weight matrices can be used, each associated with each coded block. The previously derived transmit FDE [10] , [11] is a suboptimal solution.
In this paper, we propose a transmit multi-block FDE (MB-FDE) for FD-STBC-JTRD in a quasi-static fading channel. Noting that a STBC codeword consists of multiple coded blocks, the transmit MB-FDE uses multiple transmit FDE weight matrices, each associated with each coded block. In this paper, we consider both SC and OFDM transmissions since the optimization criterion of MB-FDE weight is different with SC transmission and OFDM transmission. In the case of SC transmission, the transmission performance suffers from not only the noise but also the residual inter-symbol interference (ISI). Therefore, the transmit MB-FDE weight needs to be determined so as to minimize mean square error (MSE) between the transmit signal before STBC encoding and the received signal after STBC decoding. On the other hand, in the case of OFDM transmission, ISI does not occur and the transmission performance depends on the received signal-to-noise power ratio (SNR) only. Therefore, the transmit MB-FDE weight can be determined so as to maximize the block average received SNR after STBC decoding. The proposed transmit MB-FDE can achieve 1/R S T BC times higher received SNR than the conventional transmit single-block FDE (SB-FDE), where R S T BC is the code rate of STBC.
Copyright c 2015 The Institute of Electronics, Information and Communication Engineers
The rest of the paper is organized as follows. Section 2 presents the transmitter and receiver structures and signal representation in FD-STBC-JTRD. The transmit MB-FDE is proposed in Sect. 3. Section 4 derives the theoretical analysis of the signal-to-interference plus noise power ratio (SINR) in SC transmission, SNR in OFDM transmission and BER. The computer simulation results are discussed in Sect. 5. Section 6 offers conclusions.
Notations: E[.], [.] T and [.]
H denote the ensemble average operation, the transpose operation, Hermitian transpose operation, respectively. x is the Euclidean norm of vector x. Figure 1 illustrates the transmitter and receiver structures. The transmitter has N t antennas and the receiver equips with N r antennas, respectively. In the transmitter, J × N c data modulated symbols are divided into J blocks of N c symbols each, where J denotes the number of transmit blocks before STBC encoding and N c is the fast Fourier transform (FFT) block size. Then, in SC transmission, the time-domain transmit signal is transformed into the frequency-domain transmit signal by N c -point FFT. J frequency-domain transmit signal blocks are encoded into N r streams of Q coded frequency-domain signal blocks each by STBC encoding, where Q denotes the number of signal blocks in a STBC codeword. In this paper, OSTBC code [13] is considered. The relationship among the number J of transmit blocks, the number Q of coded signal blocks in a STBC codeword, and the code rate R S T BC (= J/Q) of STBC is shown in Table 1. In FD-STBC-JTRD, the combination of J, Q, and R S T BC depends on the number N r of the receive antennas [10] , [11] . After STBC encoding, N t streams of Q coded frequency-domain signal blocks each are generated by applying the transmit MB-FDE to the STBC codeword. After transmit MB-FDE, the frequency-domain transmit signal is transformed back to the time-domain received signal by N cpoint inverse FFT (IFFT). After inserting cyclic prefix (CP) into the beginning of each block, the transmitter transmits the STBC codeword to the receiver during Q time-slot.
FD-STBC-JTRD Transmission

Transmitter/Receiver Structures
At the receiver, after CP removal, the time-domain received signal is transformed into the frequency-domain received signal by N c -point FFT. After STBC decoding, the frequency-domain received signal is transformed back to the time-domain received signal by N c -point IFFT in SC transmission. Finally, data demodulation is carried out.
Signal Representation
Throughout this paper, the symbol-spaced discrete-time signal representation is used.
In the transmitter, J × N c data modulated symbols are divided into J blocks of N c symbols each. Then, in SC transmission, the time-domain transmit signal is transformed into the frequency-domain transmit signal by N c -point FFT. Representing the jth data modulated symbol block as {d j (m) :
where k is the frequency (subcarrier) index. J frequencydomain transmit signal blocks are encoded into N r streams of Q coded frequency-domain signal blocks each by STBC encoding. This encoding is done for each frequency (subcarrier) k. The qth block of coded frequency-domain signal is represented by {X q (n r , k) :
After STBC encoding, the transmit MB-FDE is performed.
The qth transmit signal vector after the transmit MB-FDE,
where
T is the N t × N r transmit MB-FDE weight matrix for the qth coded transmit signal block. A is the power normalization factor for keeping average transmit power constant given as
The STBC codeword after the transmit MB-FDE is transformed back to the time-domain transmit signal by N c -point IFFT. After CP insertion, the transmitter transmits the STBC codeword to the receiver during Q time-slot. At the receiver, after CP removal, the time-domain receive signal is transformed into the frequency-domain received signal by N c -point FFT. Representing the qth frequency-domain received signal at the n r th receive antenna by {R q (n r , k) :
T , can be expressed as
T is the noise vector and N q (n r , k) is the zero mean complex-valued additive white Gaussian noise (AWGN) having variance 2N 0 /T s with N 0 and T s being the single-sided power spectrum density of AWGN and the symbol duration, respectively.
The STBC decoding is performed to obtain the decoded frequency-domain signal.
The jth decoded frequency-domain signal
and
In SC transmission, the decoded frequency-domain signal is transformed back to the time-domain signal. Finally, the data demodulation is carried out.
MB-FDE for FD-STBC-JTRD
In this paper, we derive the transmit MB-FDE weight matrices for FD-STBC-JTRD. In the case of SC transmission, the transmission performance suffers from not only noise but also residual ISI after FDE and STBC decoding. Therefore, MB-FDE weight needs to be determined so as to minimize MSE between the transmit signal block before STBC encoding and the received signal block after STBC decoding. On the other hand, in the case of OFDM transmission, ISI does not occur and the transmission performance depends on the received SNR only. Therefore, MB-FDE weight can be determined so as to maximize the receive SNR after STBC decoding. In this section, the overview of derivation of the transmit MB-FDE is only presented. The detailed derivation of the transmit MB-FDE is referred in Appendix.
SC Transmission
For SC transmission, the transmit MB-FDE weight matrices are jointly optimized so as to minimize MSE between the transmit signal before STBC encoding and the received signal after STBC decoding. However, since the transmit FDE alters the transmitted signal spectrum shape, the received SNR is unproportional to the MSE. Therefore, in this paper, we introduce the relative MSE, e, defined as [10] 
(a) Single-block FDE for SC transmission The conventional transmit single-block FDE (SB-FDE) weight matrix is derived based on minimum mean square error (MMSE) criterion under a constraint that the single transmit FDE weight matrix is used over a STBC codeword.
and N = N 0 /T s is the noise power. This FDE weight is a suboptimal solution in the MMSE sense.
(b) Multi-block FDE for SC transmission The transmit MB-FDE weight matrices are derived based on MMSE criterion considering that multiple transmit FDE weight matrices can be used, each associated with each coded block. By solving ∂e/∂W 0 (0, k) = 0, . . . , ∂e/∂W Q−1 (N r − 1, k) = 0, the transmit MB-FDE weight for SC transmission is derived as
OFDM Transmission
For OFDM transmission, the transmit MB-FDE weight matrices are jointly optimized so as to maximize the block average received SNR after STBC decoding. The block average received SNR, Γ OFDM , are given as
where γ OFDM, j (k) is the received SNR at the kth subcarrier in the jth decoded block.
(a) Single-block FDE for OFDM transmission The transmit SB-FDE weight matrix is derived so as to maximize the block average received SNR under a constraint that the single transmit FDE weight matrix is used over a STBC codeword. Assuming W 0 (n r , k) = . . . = W Q−1 (n r , k) = W(n r , k) for n r = 0, . . . , N r − 1, the transmit SB-FDE weight is derived from ∂Γ OFDM /∂W(0, k) = 0, . . . , ∂Γ OFDM /∂W(N r − 1, k) = 0 as
(b) Multi-block FDE for OFDM transmission The transmit MB-FDE weight matrices are derived so as to maximize the block average received SNR considering that multiple transmit FDE weight matrices can be used, each associated with each coded block. By solving ∂Γ OFDM /∂W 0 (0, k) = 0, . . . , ∂Γ OFDM /∂W Q−1 (N r − 1, k) = 0, the transmit MB-FDE weight for OFDM transmission is derived as
It can be understood from Eqs. (8), (10), (13) and (14) that the weight matrix of proposed transmit MB-FDE is sparse while the weight matrix of SB-FDE is dense. In general, as the transmit FDE weight matrix becomes more sparse, the norm of transmit FDE weight matrix reduces and accordingly the received SNR improves [15] (the proof for this is presented in Appendix). Therefore, the transmit MB-FDE provides higher received SNR than the transmit SB-FDE.
Theoretical Analysis of SINR and BER
In this section, we derive the received SINRs (the received SNRs) when using the transmit MB-FDE and SB-FDE theoretically and then, the conditional BERs.
(a) SC transmission Assuming the sum of the residual inter-symbol interference (ISI) and noise as a new zero-mean complex-valued Gaussian variable, the received SINRs, γ S C MB and γ S C S B , after STBC decoding when using the transmit MB-FDE and SB-FDE can be respectively derived as
The first term is the contribution of the residual ISI after STBC decoding and the second term is the contribution of the noise. When the sufficiently high SNR is obtained by FD-STBC-JTRD, i.e., (15) can be approximated as
Therefore, the transmit MB-FDE can obtain 1/R S T BC times higher SINR than the transmit SB-FDE. Furthermore, assuming QPSK data modulation, the conditional BER, p e,S C MB and p e,S C S B , for the given channel transfer function when using the transmit MB-FDE and SB-FDE can be respectively given as
From Eqs. (2), (3), (4), (5), (6), (13) and (14), the received SNRs, γ OFDM MB (k) and γ OFDM S B (k), after STBC decoding at the kth subcarrier when using the transmit MB-FDE and SB-FDE are derived as
It is obviously seen from Eq. (19) that the transmit MB-FDE can obtain 1/R S T BC times higher received SNR than the transmit SB-FDE. Furthermore, assuming QPSK data modulation, the conditional BER, p e,OFDM MB and p e,OFDM S B , for the given channel transfer function when using the transmit MB-FDE and SB-FDE can be respectively given as
Computer Simulation
We evaluate, by computer simulation, the BER performance when using FD-STBC-JTRD with the transmit MB-FDE.
Computer simulation conditions are summarized in Table 2 . QPSK data modulation is considered. FFT block size N c and CP length N g are set to N c = 128 symbols and N g = 16 samples, respectively. The channel is assumed to be a quasistatic frequency-selective block Rayleigh fading channel having symbol spaced L = 16 path exponential power delay profile with decay factor α. In this paper, we assume that perfect channel state information can be available at the transmitter. Figure 2 shows the BER performances when using the transmit MB-FDE as a function of transmit signal energy per bit-to-AWGN power spectrum density ratio E b /N 0 . The number of the transmit antennas is set to N t = 1 and the decay factor α is assumed to be α = 0 dB, respectively as an example. For the comparison, the BER performances when using the transmit SB-FDE are also plotted in Fig. 2 . Furthermore, the markers show the computer simulation results and the lines show the theoretical BER curves, respectively. It is seen from Fig. 2 that when N r = 2, the transmit MB-FDE achieves the same BER performance as the transmit SB-FDE. This is because, when N r = 2, the transmit Table 2 Computer simulation conditions. MB-FDE matrix is the same as the transmit SB-FDE weight matrix. On the other hand, when N r > 2, the transmit MB-FDE can achieve better BER performance than the transmit SB-FDE. When the number of the receive antennas is N r = 3, 4 (N r = 5), the transmit MB-FDE can reduce the required transmit E b /N 0 for BER = 10 −4 by about 1.2 dB (1.6 dB) compared to the transmit SB-FDE. As shown in Eqs. (8), (10), (13) and (14), the transmit MB-FDE weight matrix is sparse while the transmit SB-FDE weight matrix is dense. Therefore, the transmit MB-FDE reduces the norm of the transmit FDE weight matrix and accordingly, provides higher received SNR than the transmit SB-FDE. It is also seen from Fig. 2(a) and 2(b) that the transmit MB-FDE achieves BER performance superior to the transmit SB-FDE in both SC and OFDM transmission. Furthermore, we can see from Fig. 2 that the computer simulation results correspond to the theoretical BER curves derived in the previous section. Figure 3 shows the BER performance when using the transmit MB-FDE as a function of the transmit E b /N 0 . The number of the receive antenna is set to N r = 3. The decay factor α is assumed to be α = 0 dB. For the comparison, the BER performances when using the transmit SB-FDE are also plotted in Fig. 3 . Furthermore, the markers show the computer simulation results and the lines show the theoreti- Fig. 3 Impact of the number of the transmit antennas.
BER Performance
Impact of the Number of the Transmit Antennas
cal curves. It is seen from Fig. 3 that the transmit MB-FDE achieves BER performance superior to the transmit SB-FDE irrespective of the number of the transmit antennas. The reason for this is explained below. As shown in the first equation of Eq. (17) and that of Eq. (19), the performance improvement depends only on the code rate of STBC. In FD-STBC-JTRD transmission, the code rate of STBC does not depend on the number of transmit antennas but only the number of receive antennas as shown in Table 1 . Therefore, the performance improvement is independent of the number of transmit antennas. For example, when N t = 5, the transmit MB-FDE can reduce the required E b /N 0 for BER = 10 −4 by about 1.2 dB than compared to the transmit SB-FDE. This result also corresponds to the theoretical analysis presented in the previous section. Figure 4 shows the BER performance when the decay factor of channel is assumed to be α = 6 dB as a function of the transmit E b /N 0 . The number of the transmit antennas is set to N t = 1. It is seen from Fig. 4 that, when N r > 2, the transmit MB-FDE can achieve better BER performance than the transmit SB-FDE even if α = 6 dB. For example, the number of the receive antennas is N r = 3, the transmit MB-FDE can reduce the required E b /N 0 for BER = 10 −4 by about 1.2 dB compared to the transmit SB-FDE. This result corresponds to the previous discussion. This is because the performance improvement depends only on the code rate of STBC and therefore, it is independent of the channel frequency-selectivity.
Impact of the Channel Frequency-Selectivity
Throughput Performance
The throughput, S (bps/Hz), when using FD-STBC-JTRD is defined as
where Z is the number of bits per symbol and PER denotes packet error rate. In this paper, we assume one packet is composed of 5120 bits. Figure 5 shows the throughput performances when using FD-STBC-JTRD with MB-FDE as a function of the transmit signal energy per symbol-to-AWGN power spectrum density ratio E s /N 0 . The number of transmit antennas is set to N t = 2 and the decay factor of channel is assumed to be α = 0 dB. For comparison, the throughput performance when using FD-STBC-JTRD with SB-FDE is also shown in Fig. 5 . It is seen from Fig. 5(a) that SB-FDE can hardly improve the throughput of SC transmission in low transmit E s /N 0 region by increasing the number N r of receive antennas. The reason for this is explained below. In general, the received SNR improves as the diversity order increases. In the case of SC transmission, both spatial and frequency diversity effects can be obtained. Because the frequencyselectivity of the channel having L = 16-path uniform power delay profile is sufficiently strong, a large diversity order (i.e., 16th order) is obtained by the frequency diversity effect only and the received SNR improvement is already saturated. Therefore, the throughput can hardly be improved by increasing N r . On the other hand, MB-FDE improves the throughput in low transmit E s /N 0 region by increasing N r more than 2, i.e., N r > 2. The reason for this is explained below. As described in Sect. 3, as the transmit FDE weight matrix becomes more sparse, the norm of transmit FDE weight matrix reduces and accordingly the received SNR improves [15] . It can be understood from Eqs. (8) (10), (13) and (14) that by increasing N r , the transmit MB-FDE weight matrix gets more sparse while the transmit SB-FDE weight matrix remains dense. Therefore, by increasing N r , the MB-FDE provides higher throughput than SB-FDE.
It is seen from Fig. 5(b) that by increasing N r , both SB-FDE and MB-FDE improve the throughput of OFDM transmission in low transmit E s /N 0 region. In the case of OFDM transmission, the frequency diversity effect cannot be obtained and only the spatial diversity effect can be obtained. Therefore, increasing N r provides higher received SNR and accordingly higher throughput due to increased spatial diversity order. It is also seen from Fig. 5(b) that MB-FDE provides higher throughput than SB-FDE in low E s /N 0 region. This is because the transmit MB-FDE weight matrix is sparse while the transmit SB-FDE weight matrix is dense.
Conclusion
In this paper, we proposed a transmit MB-FDE for FD-STBC-JTRD for OFDM and SC transmissions in a quasistatic fading channel. Noting that a STBC codeword consists of multiple coded blocks, the transmit MB-FDE uses multiple transmit FDE weight matrices, each associated with each coded block. For SC transmission, the transmit MB-FDE weight matrices are jointly optimized so as to minimize MSE between the transmit signal before STBC encoding and the received signal after STBC decoding. On the other hand, for OFDM transmission, they are jointly optimized so as to maximize the received SNR after STBC decoding. It was shown by the theoretical analysis and computer simulation that the proposed transmit MB-FDE can achieve 1/R STBC times higher received SNR than the transmit SB-FDE. It was confirmed by computer simulation that, when the number of the receive antennas is N r > 2, the transmit MB-FDE always achieves better BER performance than the transmit SB-FDE irrespective of the number of the transmit antennas and the channel frequency-selectivity. It was also shown by computer simulation that MB-FDE im-proves the throughput in low transmit E s /N 0 region by increasing N r more than 2.
Below, we will derive the transmit MB-FDE and the received SINR (the received SNR) for SC (OFDM) transmission, respectively. 
The first term is the contribution of the residual ISI after STBC decoding and the second term is the contribution of the noise. It is seen from Eqs. (A· 2) and (A· 4) that the transmit FDE weights, W 1 (2, k), W 2 (1, k) and W 3 (0, k) do not affect the residual ISI but only the noise. This is because the STBC encoding matrix is sparse. Therefore, by solving ∂e/∂W 1 (2, k) = 0, ∂e/∂W 2 (1, k) = 0 and ∂e/∂W 3 (0, k) = 0, we can obtain W 1 (2, k) = W 2 (1, k) = 
